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A fully-functioning, self-sustaining gas turbine engine was designed and built. The
engine was constructed around a Holset HE351 VGT automobile turbocharger, containing
compressor and turbine assemblies on a common shaft. Other components of the engine
were either purchased or designed and fabricated in-house. During initial testing of the
completed engine, the turbocharger, however, was found to have extensive damage to the
internal oil seals, and so the project could not be completed as planned. Instead, the
combustor design and fabrication was completed for stand-alone testing. The combustion
chamber was designed so that the flame tube could be easily changed out in order to
examine the effects of various hole- patterns and fuel-air mixing ratios. Initial testing of the
completed combustor assembly showed that the combustion of the propane was not
contained within the combustion chamber. Thus the goal of the project was to achieve
complete combustion within the combustion chamber while keeping the flame tube
structurally sound and the efficiency high. The intent of the project was to supplement the
existing propulsion experiments for Cal Poly’s Aero 401 course with a second gas turbine
experiment. Due to the setbacks, the project will not be ready to use as a complete lab
experiment, however this work-in-progress will be available for future students to learn
from and complete, as many of the necessary components have already been designed and
fabricated/acquired.
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I. Introduction

G

AS turbine engines revolutionized air travel in the last century through their ability to produce far greater thrust
than any piston driven internal combustion engine. They are also able to operate at much higher speeds and
altitudes, opening up a whole new world for aviation. Due to their importance in the aerospace industry, the study
of gas turbine engines exists as the majority of the lecture coursework for the Propulsion course, Aero 401, at
California Polytechnic State University, San Luis Obispo. The laboratory component of this course, however,
consists of three rocketry focused experiments and only one gas turbine experiment. It was therefore desired to
supplement the current experiments with an additional gas turbine focused experiment to better match the
coursework of the laboratory section with that of the lecture section of the Propulsion course.
The construction of a gas turbine engine based on an automotive turbocharger was determined to have good
potential to be a possible candidate for the supplementary experiment. This type of engine is relatively safe, due to
the low power output compared to full sized gas turbine engines, their construction is straight forward, and the
necessary parts are readily available and fairly low in cost. An automotive turbocharger provides a pre-packaged
system of a compressor and turbine operating on a common shaft. Additionally, the more expanded and open layout
of the overall engine and its components compared to aircraft grade engines is ideal for student demonstration and
education, and the construction of the test setup will solidify the manufacturers’ knowledge and background in gas
turbine engines.
A. Objectives
The purpose of this project is to design, fabricate, and run initial testing on a gas turbine engine built around an
automotive turbocharger. The completed project is intended to be used as an experimental apparatus for future Cal
Poly students enrolled in the Propulsion course, Aero 401, to receive hands on experience with the testing of gas
turbine engines while reviewing and applying the theories behind the various components of a gas turbine engine
learned in the lecture portion of the class.
The final product will include a fully functioning and self-sustaining gas turbine engine equipped with all the
necessary monitoring and reporting equipment to conduct and analyze tests. The tests would allow students to test
engine efficiencies based upon flame tube settings, turbine geometry, and injection nozzle design. The Holset
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HE351 VGT turbocharger chosen for the design also features variable vane technology, enabling the testing of
various turbine configurations.
The design phase focused on the planning and layout of the configuration, and also the acquisition and budgeting
of the necessary parts that will not be fabricated directly. Major components designed in-house include the
combustion chamber and flame tubes, as well as the frame and overall configuration. The fabrication phase focused
on the construction of a safe and reliable apparatus.
After running into budget and time limitations, the project was necessarily cut short of completion, and will be
available for further work for future students. For this report, the design and testing of the combustor and evaluation
of its efficiencies with various flame tubes will be focused upon, as the turbocharger that was obtained was deemed
unsafe due to oil leakage problems as described in section V of this report.
B. Background
The original general purpose gas turbine engine design, known as the turbojet, was developed independently by
two engineers, Frank Whittle of the United Kingdom, and Hans von Ohain of Germany, in the 1930’s. The turbojet
has since been modified into a number of variants, including turboprop, turboshaft, turbofan, and the more recent
propfan (also known as open rotor or unducted turbofan). Although each type of turbine engine has very unique
purposes and performances, they each operate on the same basic principles, which in the thermodynamics discipline
are known collectively as the Brayton Cycle.
1. The Ideal Brayton Cycle
For the ideal case, depicted in Figure 1, the Brayton Cycle consists of four reversible thermodynamic processes,
with a gas (usually air) as the working fluid. The first involves work being done on the system, resulting in
isentropic compression. Next, constant pressure combustion occurs and heat is added. Work is then output by the
system through isentropic expansion. Often, part of this work is internal work used to carry out the isentropic
compression of the earlier stage, with the remainder of the produced work providing usable work output. The final
process to complete the cycle is constant pressure “heat rejection”, where heat is expelled to return the fluid to the
initial state.
This last step does not actually occur in reality, and thus the cycle is not completely reversible. Additionally, in
a non-ideal process, compression and expansion do not occur isentropically, and therefore some amount of energy is
lost to the environment. The specific methods for analysis of both the ideal and real Brayton Cycle for turbojets are
outlined in detail in Section VII of this report.

Figure 1. Temperature-enthalpy diagram depicting the four processes of the ideal Brayton Cycle
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2. Gas Turbine Engines
As stated before, all gas turbine engines operate on the Brayton Cycle. Each component of the engine is
specifically designed to fulfill a necessary step in this cycle. To begin, incoming air travels through a diffuser inlet,
which slows down the air and attempts to isentropically recover as much stagnation pressure as possible. This
corresponds to the change from phase 1 to 2 in the Brayton Cycle. The air then enters the compressor, where
rotating compressor blades increase the pressure adiabatically, exiting in phase 3. The compressor pressure ratio is a
key performance parameter and helps characterize the engine. Two types of compressors are in use today, the axial
flow and the radial (or centrifugal) flow compressor. Axial compressors direct flow parallel to the drive shaft,
keeping the flow stream in one direction. The flow is compressed as it passes through alternating stages of
compressor (rotor) and diffuser (stator) blades. These types of compressors are used on high speed jet aircraft, so
that the high velocity flow can be kept in one direction. Radial compressors, on the other hand, accelerate flow
perpendicular to the drive shaft. This process requires a larger frontal compressor face, but achieves high
compression across each stage. For these reasons, as well as their simplicity and robustness, radial compressors are
used for low speed applications.
The high pressure air from the compressor flows into the combustor, where fuel is injected and ignited. The
burning fuel-air mixture provides heat energy input to the flow. After the igniter first starts the combustion, the
flame must be self-sustaining. This task is complicated by the incoming high pressure air from the compressor,
which can extinguish the flame. To help alleviate this effect, a flame tube is inserted into the main combustion
chamber. The flame tube serves two purposes, one being protection of the flame and the other is to allow the proper
amount of air into the combustion area to create a stoichiometric balance between the air and fuel. This is
accomplished by placing holes of a calculated area around the fuel injector, where primary combustion occurs.
Additional holes are placed in the flame tube further downstream to complete the combustion in the secondary zone.
Lastly, several holes are added close to the combustor exit, known as the dilution zone, in order to mix the cold
outer air with the hot combustion gases and thus lower the overall exhaust gas temperature and protect the turbine
blades from too much heat stress.
The high energy flow, phase 4 in the Brayton Cycle, continues out of the combustion chamber and is allowed to
expand adiabatically through the turbine blades. The expanding gases rotate the turbines, which are attached to a
shaft that powers the compressor; additionally the turbine blades can also power additional components such as
propellers or fans. The temperature that the turbine blades can withstand is one of the main factors in the
capabilities of the engine. After the turbine, some engines will inject and ignite additional fuel in the flow to
increase exit velocity and provide more thrust. This stage is known as an afterburner, and is labeled as phase 6.
With or without the afterburner, flow finally reaches the exhaust nozzle, which can adiabatically accelerate the gases
out of the engine to provide thrust. The gas turbine engine cycle is outlined in Figure 2, with labels corresponding to
those of the Brayton Cycle of Figure 1. Details of the specific engine components chosen for this project, as well as
the reasons for each choice, can be found in Section II of this report.

Figure 2. Outline of the common thermodynamic gas turbine engine cycle.
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3. Automobile Turbochargers
A turbocharger consists of a compressor and turbine operating on a single common shaft. These are often
designed for use on automobile internal combustion engines. When installed, the hot exhaust gases exiting the
cylinders pass through the turbine side of the turbocharger, spinning the turbine blades, and thus the shaft. The shaft
then transmits power to drive the compressor. The exhaust gases then continue out to the exhaust manifold and
continue as usual.
As the compressor spins, it raises the pressure of the incoming air from the air intake. The high pressure air is
often directed through a charged air cooler (also known as an intercooler) to further raise the density of the air. The
high density air is then ducted into the cylinder and combustion occurs as normal. The larger mass of air, however,
allows for more fuel to be burned in the same volume, and thus more power to be extracted by the piston during the
power stroke, transmitting more power to the crankshaft and eventually the wheels. The cycle of an automotive
turbocharger follows closely to that of an aircraft turbine engine and thus allows for the correlation between an
aircraft engine and that of the automotive based turbine engine to be created and thus implemented in the Propulsion
course at Cal Poly San Luis Obispo.
A depiction of the operation of a turbocharger is shown in Figure 3.

Figure 3. Diagram of the function of a turbocharger on a piston-driven internal combustion engine.1

II. Turbocharger Gas Turbine Apparatus
The turbocharger gas turbine apparatus consists of a few main components and various supporting subsystems to
ensure proper operation and longevity of the motor. In this section, each major component and subsystem will be
thoroughly discussed. In addition, detailed information will be given as to why each component was selected for
use.
A. Turbocharger Selection
Almost any automotive turbocharger can be converted into a self-sustaining gas turbine engine. However,
depending on the application, some are better suited than others. For this project, it was desired to use a larger
turbocharger that had an established history of reliability. Two of the most reputable turbocharger manufacturers are
Garrett and Holset. Both of these companies manufacture turbochargers that are supplied as original equipment on
production vehicles ranging from sports cars to diesel trucks. Diesel engine turbochargers are typically
manufactured for maximum service life given their application. In years past, turbocharger performance was not
heavily emphasized on diesel engines, as long as long as point performance was satisfied by the manufacturer.
Recently however, the increase in federal emissions regulations coupled with rising fuel costs have pushed the
development of extremely reliable high performance turbochargers for diesel engine applications. One of the most
effective ways to cut emissions on diesel engines and improve performance is to maintain the proper fuel-to-air ratio
6
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over all operating conditions. In the past, “turbo lag” was characteristic of turbo diesel engines during acceleration.
“Turbo lag” is a condition that results from the turbocharger’s inability to quickly increase airflow rate with
increasing fuel flow rate. Because airflow lagged behind the increase in fuel flow, a fuel-rich condition occurred,
causing incomplete combustion. This is characterized by heavy black smoke exiting the exhaust and is often
observed by motorists on the highway. Turbocharger manufacturers have greatly reduced this problem by
implementing mechanisms on turbochargers to make them spool quicker. This enables the turbocharger to increase
manifold pressure much faster and therefore, be much more sensitive to changes in fuel flow rate. Huge increases in
engine efficiency and drastically reduced emissions have resulted from the implementation of such mechanisms.
These mechanisms all simply function to make the turbocharger more responsive to throttle input.
Wastegates and variable vane geometries are the two primary mechanisms currently in use, and simply make use
of the continuity equation. By decreasing flow area, flow velocity increases. This increase in velocity causes the
turbine wheel to spool faster, which makes it more responsive to changes in flow rate. Wastegates were the first
solution and simply divert excess exhaust flow around the turbine, and feed it directly into the exhaust pipe. This
allows the use of a smaller turbine which is more sensitive to the exhaust flow rate. However, the disadvantage to
this type of design is that the small turbine housing is often prone to “surging”. If the wastegate is not precisely
controlled, the small turbine will over-speed the compressor for a given engine operating condition, and feed too
much air to the engine. The rapid change in speed of the compressor or “surge” is the end result and can be
damaging to the turbocharger. Although wastegates have been successfully used on many engines, the use of
variable vane geometries has recently replaced wastegates since they offer much more precise control over the flow
in the turbocharger, and tend to eliminate surging problems. Instead of permanently making the turbine smaller as
done with wastegates, vanes in the turbine or compressor are moved to restrict or open up airflow as needed. By
doing this, the effective size of the turbocharger can be varied based on the amount of exhaust flow, and the
turbocharger does not have to be designed for single point performance as done in the past.
For the gas turbine constructed in this project, we wanted to have the ability to evaluate the engine’s performance
as a function of several different variables; one of which was turbine geometry. After researching and pricing
several different turbochargers, the Holset 351VGT was chosen. This particular unit was used as the original
equipment turbocharger on the 2007-2008 Cummins diesel engine offered on Dodge heavy duty pickup trucks. It
has an excellent history of reliability, and should work well as a gas turbine. One of the characteristics of the
351VGT turbocharger that makes it desirable for this project is the variable vane geometry mechanism in the turbine
housing. Using this mechanism, turbine performance can be evaluated for different vane settings, which was one of
the original goals of this project. The vane system is relatively simple, and consists of a set of fins that slide axially
on two shafts. The fins can be positioned around the outside of the turbine wheel to restrict flow, or completely
retracted to allow maximum flow rate through the turbocharger under high engine load situations. Figure 4 shows a
photograph of the variable vane assembly positioned around the turbine wheel. Note that the turbine housing is
removed in this picture.

Figure 4. Variable vane geometry is shown positioned around the turbine wheel.1
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The vane mechanism is actuated by an electronic servo contained in the rectangular aluminum housing visible on
the left side of the photograph. This servo will be connected to a 12 volt power source and a switch, so the vanes can
be moved from the control room in the lab. Safety was a primary concern in the design of the gas turbine, so this
feature was also highly desirable.

C. Combustor Design
The combustor is perhaps the most crucial component in the design and operation of the gas turbine. A poorly
designed combustor will not produce self-sustained operation, and in severe cases will result in an inoperable motor.
Therefore, it is imperative that a significant amount of time is spent designing and testing combustor designs. Since
combustor design is so influential on the performance of the gas turbine, numerous different combustor
configurations were built and tested. These combustors are rapidly interchangeable, so tests can be quickly
conducted.
1. The Combustion Process
When designing a combustion chamber, it is important to consider the fuel-air ratio that will be established
during combustion. If the mixture is too “rich”, then fuel will be wasted and exhausted out of the combustor, and
can possibly ignite in undesirable areas downstream. If the mixture is too “lean”, the flame may not be able to selfsustain and can burn out. The stoichiometric or “ideal” mixture of fuel and air provides the exact number of
molecules of each component for complete combustion to occur, and generally results in the highest possible yield
of sensible thermal energy. It is conventional to describe the equivalence ratio φ, which is defined as the ratio of the
actual fuel-air ratio to the stoichiometric ratio. A “rich” mixture will therefore have an equivalence ratio greater
than one, and a “lean” mixture lower than one. The stoichiometric ratio can readily be found from balancing the
chemical equation for complete combustion. For the combustion of propane using atmospheric air, which is
assumed to be 79% N2 and 21% O2 by volume, the equation is as follows:

3 8  5 2 
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The decision to use propane as the fuel is discussed in part E of this section. It can be seen in Eq. (1) that N2
simply acts as an inert diluent, absorbing some of the thermal energy released during combustion. It is important to
note that Eq. (1) assumes the reaction will only yield CO2 and H2O as products. In practice, the elevated
temperatures in the combustor will cause the CO2 and H2O molecules to dissociate and also oxidize some of the N2,
forming byproducts such as CO, NOx (NO and NO2), and N2O. Steps can be taken, however, in the design of the
combustion chamber to minimize production of these pollutants, which will be discussed in sub-section 2 of the
combustor design. For this type of preliminary design, these byproducts will be ignored for combustion analysis.
From the balanced chemical equation, the stoichiometric fuel-air ratio is calculated as the ratio of molar
coefficients of the reactants.
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The molar fuel-air ratio is readily converted into a mass ratio by using the molar masses of the reactants.
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(3)

Next is to evaluate the state of the air coming from the compressor into the combustor. Having chosen the
Holset 351VGT turbocharger to use for the engine, it was possible to examine the compressor map (1), found in the
Appendix, to choose an efficient operating point. The point chosen was a pressure ratio of 2.0 and an air mass flow
rate (corrected for standard day) of 0.467 lbm/sec (0.0161 lbmolAir/sec), corresponding to a compressor efficiency
ηc = 0.76. Assuming ambient air temperature (536° R) entering the compressor, the temperature of the compressor
exit can be calculated from Eq. (4) and (5). These equations are discussed further in section VII, the Analysis
section, and assume air as an ideal gas and reversible flow through the compressor.
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Using the compressor map data stated above yields a T03 of 690° R. Although a turbine map could not be found
for the 351VGT, it is known that a common operating point for this type of turbocharger produces a turbine inlet
temperature of around 800° F (1260° R). Using this T04 as the adiabatic flame temperature will allow for the
calculation of the mass flow rate of fuel needed to achieve that temperature. The adiabatic flame temperature is the
equilibrium temperature reached with complete combustion. To begin this process, the enthalpy of each of the
reactants and products must be evaluated.
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Enthalpies of formation as well as specific heat capacities of the various reactants and products were obtained
from Moran and Shapiro (2). Once all enthalpies were calculated, the balanced chemical equation could be turned
into a thermodynamic equation, from which the mass flow rate of the fuel can be calculated.
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This enthalpy balance equation assumes no heat transfer to the surroundings of the combustion chamber, which
will result in the highest possible temperature prediction. Using the air mass flow rate previously determined from
the compressor to solve Eq. (7) yields a mass flow rate of the propane   of 3.77x10-4 lbmolC3H8/sec. This number
can be used to set an optimal propane tank pressure after the design of the fuel injector. To stoichiometrically
balance this amount of fuel requires an air mass flow rate of 8.98x10-3 lbmolAir/sec, which is 56% of the air flow
coming from the compressor at the chosen operating point. From these numbers, it can be concluded that
approximately half of the incoming air will be used for combustion in the primary and secondary zone, and the other
half will be utilized for cooling in the dilution zone.
2. Air Partitioning
As mentioned earlier in part 2 of the background section, there commonly exists three separate zones of the
combustion chamber, the primary, secondary, and tertiary (dilution). Combustion is intended to be complete by the
end of the secondary zone, and therefore the dilution zone is meant only for adding cooling air from the annulus
(between the flame tube and outer chamber walls) to the liner flow (interior of the flame tube) and properly mixing
the gases to remove any hot spots from entering into the turbine. Therefore, the amount of air allowed into the
primary and secondary zones determines how the combustion will be carried out, thus requiring careful design.
The objective of partitioning the air necessary for stoichiometry between the primary and secondary zones is to
control the temperatures produced in the combustion chamber, increase combustor efficiency, and keep the flame
self-sustaining. Temperature control is important for two reasons. First if temperatures in the liner are too low, it
can negatively affect flame stability and combustion will not be complete at the combustor exit. Additionally, the
incomplete combustion can produce excessive amounts of the pollutant CO and also exhaust unburned fuel.
Secondly if temperatures are too high, the thermal limits of the combustor material may be approached or exceeded.
These higher temperatures will also increase the production NOx emissions.
With modern compressor and turbine technology, primary zone equivalence ratios φPZ, which represent what
portion of the total stoichiometric air that is provided in that zone, are typically under 0.8, with some ranging as low
9
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as 0.6 or 0.5 (3). In researching other turbocharger based gas turbine designs, it was found that initial ignition was
often a problem. Therefore, the lower limit of 0.5 for the primary zone was chosen in an effort to encourage
recirculation and limit high velocity flow around the spark plug, while providing a fuel rich mixture. This left the
secondary zone equivalence ratio also at 0.5. The secondary zone will, in theory, achieve complete combustion
using the primary zone effluent, which is a mixture of reactants, products, and intermediates. From the combustion
analysis performed earlier, the dilution zone would then receive an additional 100% of the stoichiometric air for
cooling.
With the area ratios of the three zones set by the equivalence ratios, it was then necessary to determine the actual
area and diameter of the holes. The areas were determined with the help of the program JetSpecs (4), a program
developed specifically to aid the design of turbocharger based gas turbine engines. Based on the compressor’s
inducer diameter of 2.36 inches, which is an indication of the volume of air it can pull in, the program calculated
that the total hole area needed for stoichiometry at the operational pressures and flow rates of the compressor was
approximately 2.65 in2. This area was then split up evenly between the primary and secondary zones according to
the equivalence ratios, and used as the total area for the dilution zone.
The next step was to determine hole diameters, which play a large role in the interior characteristics of the flow.
Figure 5 shows how mixing occurs when a jet travels into a stationary fluid reservoir. The zones of micromixing are
where molecular diffusion occurs, allowing for combustion.

Figure 5. Instantaneous and time averaged sketches of a turbulent jet issuing through a round hole between
two fluid reservoirs. (3)
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Figure 6. Two jets with the same velocity, but with hole diameters different by a factor of 2. (3)
The effect of hole size on the jet’s diameter and penetration can be seen in Figure 6. In examining these trends,
the primary zone holes were chosen to be ¼ inch, which is relatively small compared to the liner diameter in order to
avoid high velocities from penetrating into the center and blowing out the flame. The secondary holes, however,
were increased to 3/8 inch in order to have adequate micromixing all the way through to the center to allow for
complete combustion. For the dilution holes, the diameter was further increased to ½ inch to allow as much cooling
air flow in as possible, since flame extinguishing is not an issue.
In addition to flame tubes designed with holes according to the guidelines given above, a flame tube with a
generic distributed hole pattern will also be created, with holes placed evenly around the entire length and diameter
of the tube. The distributed hole pattern design will allow for comparison with the three zone design, as well as
provide a test bed for increasing hole area, etc. Two concept flame tubes are shown below in Figure 7.

Figure 7. Distributed hole pattern flame tube (left) and flame tube using combustion zone guidelines (right).
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3. Flame Tube and Outer Chamber Design
The chosen combustor configuration for this project was a concentric cylinder design, with the combustor inlet
attached radially. The concentric cylinder design involves a flame tube shrouded by an outer chamber. The flame
tube serves to contain the flame and hot gases, protecting the outer chamber walls from the elevated temperatures.
Additionally, the flame tube protects the flame from the high velocity air entering from the compressor by creating a
recirculation zone around the fuel injector, encouraging micromixing and allowing the flame to constantly re-ignite
itself, becoming self-sustaining. A self-sustaining flame allows the spark plug ignition system to be turned off after
initial ignition. The outer chamber serves to hold the high pressure and create an area between the flame tube and
outer wall, known as the annulus, containing cold air from the compressor that is circulated around the flame tube in
order to cool the walls and eventually enter into the interior liner flow to cool the hot gases prior to entering the
turbine. A generic depiction of a concentric cylinder combustion chamber design is shown in Figure 8.

Figure 8. General configuration of a concentric cylinder combustion chamber. (3)
Although Figure 8 depicts an axial combustor inlet, the design for this project involves a radial inlet. The reason
for adopting a radial inlet was to free up the top-side of the combustor to allow easy removal of the flame tube so
that multiple flame tube designs can be swapped in and tested rapidly. Additionally, the radial inlet was placed just
below the primary zone in order to create a relatively stagnant area in the upper chamber, promoting recirculation
and a self-sustaining flame.
The overall dimensions of the flame tube were designed to fit the size of the compressor with the help of the
program JetSpecs (4). Based on the compressor’s inducer diameter of 2.36 inches, the program calculated that the
flame tube should have a diameter of approximately 5 inches and a total length of 14 inches. From here, the hole
patterns determined earlier could be placed along the axial length of the flame tube.
Using three rows of nine (27 total) ¼ inch diameter holes, brought the last row of holes to about 2 inches below
the top of the flame tube. Between the primary and secondary zone holes, enough length was left solid so that the
incoming high velocity air from the 2.75 inch diameter compressor exit pipe would not be blowing directly into the
liner through any holes. The length of the secondary zone needs to be long enough for the jets issuing from the
secondary zone holes to mix with the primary zone effluent flowing down the liner. For preliminary design, this
length can be estimated by the distance necessary for the micromixed cores of two opposite facing secondary air jets
to meet. The length that the micromixed region extends into the liner can be found from Eq. (8) (3). A depiction of
how a jet issuing from a round hole into a cross flow travels downstream is shown in Figure 9 .

]^ ! 0.246_
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(8)

Figure 9. Jet issuing from a round hole into a cross flow. (3)
The term δm in Eq. (8) is the length of the micromixed region, 0.246 is the empirically derived growth rate, and L
is the axial length. Setting δm equal to half of the flame tube diameter (dL/2), we can solve for LSZ, the length of the
secondary zone.
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The result is that the secondary zone should be approximately 10 inches. However, because the secondary zone
holes need to be placed below the combustor inlet, this length was slightly reduced to 8.5 inches in order to fit into
the prescribed total combustor length of 14 inches. The large dilution holes were then placed at the bottom of the
flame tube to allow the remainder of the air flow to mix with the combustion gases and remove and hot spots that
would enter the turbine. Because combustion should be complete by the end of the secondary zone, the dilution
zone needs only sufficient macromixing and therefore does not require much axial length. Additionally, because the
system design contains a relatively long combustor exit pipe, macromixing should not be a problem even with a
short dilution zone length.
The design of the outer combustion chamber focused on the requirement that the annular flow should have a
volume at least half that of the liner flow in order to provide sufficient cooling. When looking at tubing for the 5
inch flame tube, it was discovered that standard wall thickness would be around 1/8 inches. These dimensions
would require a combustion chamber inner diameter of nearly 6.5 inches. After looking around for tubing or piping
of these dimensions, it was found that 6 inch inner diameter piping was the standard pipe available. In order to meet
the cooling requirements for the annulus, which was also a safety concern, it was decided that the flame tube could
be reduced to only 4.75 inches inner diameter. This slightly smaller diameter also fits better with the reduced
secondary zone length of 8.5 inches. To accommodate the smaller liner volume, the system can be run at slightly
lower fuel pressures, thus lowering the equivalence ratio to the original condition.
The standard 6 inch inner diameter piping came with a wall thickness of ¼ inches, which was thought to be plenty
thick enough to contain the pressures likely to be encountered with this system. The flame tubes will be inserted
into the chamber and fastened using eight 3/8 inch bolts around the top flange. The top flange will also be tapped
for insertion of a spark plug and fuel injector, which are discussed in further detail later Section E. Figure 10 shows
an initial design for the complete combustor assembly.
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Figure 10. Complete combustor assembly.
D. Oil System
Automotive turbochargers are typically lubricated using the engine lubrication system. Therefore, the unit
requires approximately 50 psi of oil pressure to be supplied at all times to ensure proper operation and longevity.
Since the turbocharger was used as a standalone turbine in this project, a suitable lubrication system was employed
that is capable of delivering the required oil pressure. Most automotive oil pumps are integrated into the engine
block, and are not easily used as standalone devices. Consequently, a different type of pump was required for this
application. Power steering pumps are very similar to engine oil pumps in that they also function to supply high
pressure oil. Therefore, a power steering pump from a Hyundai Accent was chosen for the oil supply system. This
pump is capable of providing a reliable supply of oil to the turbocharger, while easily maintaining sufficient oil
pressure. The power steering pump however, is capable of supplying much higher pressures than engine oil pumps,
so it must be properly calibrated. Varying the shaft speed of the pump directly varies the output oil pressure. A
suitable electric motor was found to turn the pump at the correct speed to achieve the desired oil pressure. Initially, a
variable speed electric drill was used to drive the pump. However, it was found that the drill overheated due to the
extremely low speed required to maintain the necessary oil pressure. Electric drills are designed to be self-cooling
via a fan located in front of the motor. If drills are not operated fast enough to move adequate cooling air, they
overheat under continuous operation. This problem was encountered and resulted in the substitution of an electric
motor designed for continuous operation at 22 rpm. This shaft speed was determined to provide adequate oil
pressure.
Significant heat is produced from the operation of the turbine, which rapidly heats the oil. If the oil is not
cooled, it will degrade and cease to provide adequate lubrication. Therefore, a transmission oil cooler from an old
Chevrolet pickup truck was purchased to cool the turbine oil as it circulates through the motor. Additionally, all of
the oil lines were custom fabricated from ¼ inch inner diameter copper tubing, coupled together with compression
fittings. Copper is a very good thermal conductor, and helps dissipate heat from the oil. This system should keep the
oil temperature within acceptable limits, but was also fitted and monitored with a temperature and pressure gauge
for safety.
E. Fuel System
Several different types of fuel can be used to operate a turbocharger gas turbine. Of these, the two most common
are propane and kerosene. Propane offers simplicity and ease of use, since no elaborate injection system is required.
A simple fuel nozzle, a regulator, and a propane tank will suffice. However, due to the lower energy density of
propane, motor performance is somewhat limited. Kerosene offers much higher performance than propane, but also
requires an elaborate fuel injection system to inject the liquid fuel. At least one expensive fuel injector must be
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purchased along with some sort of injector driver module. Due to the complexity and expense associated with the
use of kerosene, propane was chosen for use in this project. Because propane burns cooler than kerosene, it helps
reduce maximum engine temperatures. This is highly desirable, since engine life is directly related to operating
temperature.
A common barbecue propane tank was used along with a pressure regulator and pinched piece of copper tube for
the injector, as shown in Fig. 11. These made up the primary fuel system components. Additionally, an emergency
fuel shutoff valve was located in the fuel line to stop fuel flow should something go wrong during engine operation.

Figure 11. Pinched copper tube braised onto brass fitting for use as fuel injectors.
F. Starting System
In order to start a gas turbine, the shaft needs to be spooled while combustion is initiated. Otherwise, the motor
will not start due to lack of airflow through the combustor. Therefore, some sort of starter must be used. This can be
in the form of an electric starter much like those used in automotive applications, or in the form of an air starter.
Since there is not easy way to couple an electric motor to a turbocharger shaft, an air starting system was adopted.
Using this system, air is blown through the compressor blades, which spins the shaft.
The system developed for this project is relatively simple and utilizes an inexpensive Homelite electric leaf
blower (model number UT42100). The leaf blower was fastened to the inlet, and controlled by simply plugging it in
inside the control room. Initially, compressed air in the lab was used, but it was found to provide insufficient
volumetric flow rate to adequately spin the compressor. Once the blades are spinning from the leaf blower air, the
engine can be easily started.
G. Ignition System
Starting the turbine also requires some sort of ignition system to ignite the fuel. To accomplish this, one spark
plug was positioned on the side of the fuel nozzle in the top of the combustor. The spark plug is energized using the
ignition system from the existing hybrid rocket lab. Initially, an ignition coil from a 2001 Dodge Ram 1500 was
used to power the spark plug and was connected to a switch that was toggled in the control room. However, after
initial testing, this system was abandoned in favor of the more reliable and robust system that was already installed
on the hybrid rocket. By utilizing this system, the existing control panel inside the lab could be utilized. Figure 12
below shows the ignition coil and Bendix ignition box on the hybrid rocket apparatus.
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Figure 12. The hybrid rocket ignition system is shown.
The control panel inside the lab that is used to operate the hybrid rocket ignition system shown above consists of
three switches. The first is system power, the second is a safety switch that arms the system, and the third is a toggle
switch that initiates continuous sparking when on. The control panel is shown below in Figure 13.

Figure 13. The ignition system control panel is shown.
H. Stand Design and Component Placement
The stand that holds the turbocharger and supporting components was constructed primarily from 1.5 inch
square steel tubing that was welded together using a gas metal arc welding process. The base dimensions of the
stand were driven by the existing floor restraints in the propulsion lab, which are used to secure the apparatus during
testing. Using the measured distance between the floor restraints of 4.0 feet by 2.0 feet, the base of the stand was
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designed to be 3.0 feet by 2.0 feet for adequate clearance and alignment. Then, estimating the space requirements of
the supporting components, the stand was made 3.5 feet tall. Castor wheels were fitted to the bottom so that the
assembly can be easily moved around the lab and interchanged with existing experiments.
One inch square steel tubing was welded to the stand primary structure to mount the various supporting
components such as the combustion chamber, oil pump, motor, oil cooler, etc. Figure 14 shows the completed
apparatus and the placement of each component on the stand.

Figure 14. The completed engine assembly is shown.
The turbocharger was mounted on the top of the stand for easy integration with the combustion chamber, and to
allow adequate room for the exhaust system. Oil pressure and temperature gauges were mounted on the top corner of
the stand so that they could be easily monitored from the control room. Oil lines are visible in the picture as well as
the oil cooler, which is located behind the combustion chamber. The top of the oil system reservoir can be seen in
the top back corner behind the compressor outlet, and the oil pump and drill that was initially used can be seen on
the bottom of the stand.

III. Turbine Operating Procedure
In this section, detailed engine operation instructions are given. It is imperative that the procedures outlined are
strictly followed to prevent turbine damage. The operational procedures are broken into three categories, which
include startup, testing, and shutdown.
A. Startup
The first step in starting the turbocharger gas turbine is to turn on the oil pump system by plugging in the electric
motor into an extension cord. From the analog oil pressure gauge, check to make sure that the oil pressure is
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between 50-60 psi. If this condition is not satisfied, unplug the motor and check to make sure the oil reservoir is full.
If not, top off with oil and turn the motor back on. If the pressure is still out of range, check for leaks. Also, check to
make sure the turbine vanes are in the fully closed position by turning the gear to the position labeled “closed”. If
this is not done, the turbine will not spool fast enough for starting. Turn on the leaf blower by plugging it into the
outlet inside the control room and listen as the turbine spools up. When the turbine reaches a steady RPM, (about 5
seconds) simultaneously open the propane valve to 50 psi. and turn on the ignition switch in the control room. This
will take two people. Listen for ignition and the engine pitch to change; this indicates the motor is running on its
own. Carefully watch the turbine inlet temperature throughout the starting process. If the temperature exceeds 1100
degrees Fahrenheit, immediately shut off the gas and allow the engine to cool to 350 degrees before attempting to
restart the motor. Once the engine is running, turn off the leaf blower and discontinue the ignition source. Adjust the
propane pressure to achieve the desired engine RPM. Never operate the turbine at compressor exit pressures above
25 psi. Keep a close watch on the oil pressure, oil temperature, and turbine inlet temperature at all times. If the oil
pressure drops below 15 psi or the temperature becomes greater than 215 degrees, immediately shut down the
engine by turning off the gas supply. Immediately turn on the leaf blower, because it will help cool the system and
prevent bearing damage.
B. Testing
Several tests can be performed using the turbine. Two interchangeable flame tubes are available for testing and
will be discussed first. The flame tubes are held in place by eight bolts around the top flange of the combustor. To
change the flame tube, simply remove the bolts, disconnect the spark plug wires and fuel line, and remove the flame
tube by lifting straight up. Place the desired flame tube in the chamber, refasten the bolts, and reconnect the spark
plug wires and fuel line.
Turbine geometry can also be varied for testing purposes by adjusting the vane position using gear on the turbine
housing. Changing the vane position restricts or opens up the turbine housing passage to regulate exhaust flow. This
will directly affect engine speed and operating temperature. It is critical that the turbine inlet temperature and
compressor exit pressure are carefully monitored while adjusting the vane position; especially when moving it to a
more restrictive setting. Over-speeding and overheating are highly likely if the fuel flow is not reduced as the vanes
are adjusted. Moving the vanes to a more open position is not as critical although, engine parameters should still be
closely monitored.
After achieving the desired engine configuration and operating conditions, record data using LabView and the
analog gauges. Repeat the process for each operating condition to be tested.
C. Shutdown
After testing is complete, throttle down the engine, and allow it to run for a few minutes at the lowest speed
possible with the turbine vanes in the fully closed position. This will allow the components to cool and prevent
damage to the main bearings on the turbocharger spindle. After a few minutes, the turbine inlet temperature should
settle to a steady state value (around 400 degrees). At this point, turn on the leaf blower and turn off the propane
supply valve. Allow the motor to spin using the leaf blower for approximately five minutes. This will provide
further engine cooling. After five minutes, turn off the leaf blower and allow the turbine blades to stop spinning.
Then, turn off the oil pump by unplugging the motor. The engine shutdown procedure is now complete.

IV. Fabrication and Construction
In this section, the fabrication and construction of each major component of the apparatus is discussed in detail.
Almost all of the components were custom fabricated on the Cal Poly campus at the hangar manufacturing shop,
Mustang 60 shop, and the IME department welding lab.
A. Stand
Building the turbocharger gas turbine began with the construction of the steel stand mentioned earlier. The 1.5
inch square steel tubing with 1/8 inch wall thickness was cut to length with a chop saw and welded together using a
MIG short circuit transfer welding process. The four vertical members were cut to 3.5 foot lengths; one set of cross
members was cut to 21 inches, and the other cross members were cut to 27 inches. These lengths yielded the overall
dimensions desired for the stand of 3.0 x 2.0 x 3.5 feet. The top cross members were welded flush with the top of the
vertical members, and the bottom cross members were welded six inches from the bottom for rolling clearance.
Then, to fasten castor wheels to the bottom of each leg of the stand, ¼ inch thick steel plate was cut into four
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rectangles with approximate dimensions of 2.0 x 3.0 inches using an Ironworker. Four ¼ inch diameter holes were
drilled in each plate. The plates were then welded to the bottom of each leg of the stand, and the wheels were bolted
into place. Various other cross members were then cut and welded into place to hold supporting components such as
the oil cooler, oil pump, and oil pump motor. Eye hooks were installed in each leg so that the stand could be secured
using the existing turn buckle floor restraints in the lab. A picture of the completed stand with the combustion
chamber mounted is shown in Figure 15.

Figure 15. The completed stand is shown.
The stand can be easily leveled by adjusting the nuts on the four bolts securing each wheel to the bottom of the
frame. Three inch long quarter inch diameter bolts were fitted to the castor wheels. By counter tightening the nuts
around the flanges on the bottom of the frame, the wheels can be extended or retracted to level the apparatus. Figure
16 shows a close-up of the wheel assembly for clarity.
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Figure 16. A close-up of the adjustable wheel system is shown.

B. Turbocharger Mounting Plate/Exhaust Flange
In order to mount the turbocharger to the stand, an integrated exhaust flange and mounting plate was fabricated
using 3/8 inch thick steel plate. The plate was cut to approximate dimensions of 8 x 8 inches using an oxy-fuel
cutting torch, and then the edges were finish cut on a horizontal band saw. A paper template of the turbocharger
turbine housing flange was then made, and the exhaust port was cut in the plate using the optical plasma cutter
located in the hangar shop. Then, the four bolt holes were drilled using a drill press. Due to a protrusion located on
the turbine housing, a notch was cut in the edge of the plate with a six inch angle grinder to allow adequate
clearance. Another notch was cut out of the corner of the plate with a reciprocating saw to allow room for the oil
inlet line going to the turbocharger. After the completion of these steps, the plate was welded onto one of the top
corners of the stand. The edges of the plate were set flush with the outside of the square tubes, and then a grinder
was used to remove excess weld material and blend the plate to the tubes. A top view of the flange plate is shown
below in Figure 17. The exhaust port, turbocharger bolt holes, and the two notches that were cut for clearance are all
visible.
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Figure 17. The integrated turbocharger exhaust flange and mounting plate is shown.
After the holes and notches were cut in the plate, a piece of three inch diameter exhaust tubing was shaped to fit
into the exhaust port. This was accomplished by cutting four slits down the side of the pipe, and bending in the
sides. Excess material was trimmed off with a reciprocating saw so that the slit edges of the pipe would not overlap
when bent inward. The pipe was then inserted into the port, and hammered into shape for an exact fit. The pipe was
then welded into the port, and the slits were welded together. Figure 18 below shows the bottom side of the flange
plate with the exhaust tube welded onto place. Two of the welded slits that allowed for the shaping of the pipe are
also visible on each side of the exhaust tube.

Figure 18. The custom fit exhaust tube is shown welded into the flange plate.
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C. Combustion Chamber
The combustion chamber was constructed using schedule 40 steel tubing with an inner diameter of 6.0 inches
and a wall thickness of ¼ inch. It was purchased cut to the desired length of 14.0 inches. The inlet pipe was also
purchased cut to the desired length of 4.0 inches. It was also schedule 40 steel with an outer diameter of 3.0 inches.
A bi-metal hole saw was used to cut the hole for the inlet pipe in the side of the combustion chamber on a drill press.
This proved to be a slow task, but produced a nice clean cut that allowed for the easy joining of the inlet pipe to the
combustion chamber using a MIG spray transfer welding process. A brass pitot probe was fabricated and installed in
the inlet tube to measure the combustor inlet stagnation pressure. A side view of the combustion chamber showing
the inlet pipe and pitot probe is provided below in Figure 19.

Figure 19. The combustion chamber inlet tube joint is shown.
The top flange of the combustion chamber was cut from ¼ inch thick steel plate using the optical plasma cutter
in the hangar manufacturing shop. Eight equally spaced 3/8 inch holes were drilled in the center of the flange for the
flame tube bolts. The flange was then fit around the top of the combustion chamber, squared with the sides, and then
welded in place. An angle grinder was then used to remove excess material and square up the top of the chamber.
The bottom of the chamber was closed out with another circular plate that was also cut on the plasma cutter using
the same ¼ inch thick plate. A 3.0 inch diameter hole was cut in the center of the bottom plate for the exhaust tube
attachment. Figure 20 below shows a top view of the combustion chamber, and clearly shows the top and bottom
flanges.
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Figure 20. The top flange and bottom plate of the combustion chamber are visible.
Since the exhaust hole was 3.0 inches and was dictated by the diameter of the flame tube, the diameter needed to
be stepped down to the desired exhaust pipe diameter of 2 ¼ inches. This was accomplished by cutting three 4.0
inch lengths of consecutively smaller diameter steel pipe, and welding them together. The inside edges were welded
and ground down to promote smooth internal flow. The step-down pipe was then welded to the bottom of the
combustion chamber. After the fabrication of the combustion chamber was completed, it was positioned on top of
two parallel support bars on the stand and welded into place. A picture of the completed combustion chamber is
shown below in Figure 21. The mounting bars that fastened the chamber to the stand are visible on the bottom of the
picture. Also, the pitot probe coming through the side of the inlet tube can be seen. JB Weld was used to glue the
brass tube into the chamber and seal the hole to ensure accurate pressure measurements.
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Figure 21. The completed combustion chamber with the installed pitot probe is shown.
D. Flame Tubes
Two flame tubes were fabricated that fit inside the combustion chamber and bolt into place. The flame tubes
consist of 14.0 inch long 4.5 inch diameter 1/8 inch thick steel pipe welded in the center of a circular flange. The
flanges were plasma cut from the same ¼ inch thick steel plate used for the combustion chamber flange. Eight 3/8
inch diameter holes were drilled in each flame tube flange to correspond with the holes in the combustion chamber
flange. Then, one hole was drilled in the center of each flange and tapped for the injector, and another slightly offset
hole was drilled and tapped for the sparkplug. Before the tubes were welded to the flanges, the unique hole patterns
discussed earlier were drilled in each flame tube using a drill press. A picture of each completed flame tube
assembly is shown in Figure 22.

Figure 22. Both finished flame tubes used for testing are shown.
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V. Apparatus for Combustion Chamber Testing
Unfortunately during initial engine testing, it was discovered that the internal oil seals inside the turbocharger
were badly worn. The damage to the seals was so extensive that the turbocharger was no longer suitable for use in
this project and needed to be either replaced or rebuilt. Both options were thoroughly explored, but neither was
feasible given the time and budget constraints for the project. Ideally, the seals would have been tested soon after the
turbocharger was purchased, but this was not possible to due to equipment limitations. The only means of testing the
seals was to use the oil system designed for the motor, and it was not completed until initial engine testing. Since it
was impractical to rebuild the turbocharger or purchase another one, the project was modified so that testing and
evaluation of the combustion chamber characteristics could still be performed. This was one of the primary goals of
the original project and allowed for a more complete characterization of the combustion chamber. The remainder of
this section focuses on describing the modifications that were made to the apparatus so that the combustion chamber
could be tested and studied in the absence of the turbocharger.
A. Apparatus Modifications
In order to characterize the combustion chamber, it was necessary to simulate the air flow which would have
been supplied by the turbocharger compressor. This means that a replacement source of inlet air into the combustor
was needed that could provide a similar volumetric flow rate. This was easily accomplished by removing the
turbocharger from the stand and ducting the leaf blower that was used for starting the engine directly into the
combustion chamber. The leaf blower is capable of moving approximately 1,000 cubic feet of air per minute, which
is roughly what would have been supplied by the turbocharger. Therefore, it was determined to be a good
replacement for combustor testing. A piece of square tubing was duct taped to the top of the frame as a spacer so
that the leaf blower could be fastened level to the inlet of the combustor. The silicone coupler used to connect the
turbocharger to the inlet of the combustor fit nicely inside the outlet of the leaf blower, and made a nice connection
between the two components. Duct tape was then wrapped around the joint to fasten the leaf blower and prevent air
from leaking.
The second major modification to the apparatus was the removal of the exhaust pipe. To evaluate the combustion
chamber, it was necessary to be able to visually observe the flame inside the combustor. This way, the flame
stability, flame tube temperature, and flame length could all be observed. By looking into the bottom of the
combustor during operation, the flame distribution could be observed and any glowing hot spots on the flame tube
could be easily seen. The exhaust pipe was cut off just below the combustion chamber outlet so that it could be
easily welded back on in the future for full engine testing. Figure 23 below shows the revised apparatus used for
combustion chamber testing.

Figure 23. The revised apparatus is shown with the leaf blower in place.
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During testing, the stand and was tipped over on its side so that the leaf blower was sticking up vertically. This
allowed for easy observation of the flame characteristics. The exit of the combustor was directed outside the
propulsion lab into the enclosed concrete area, which allowed viewing from a safe distance.
B. Instrumentation
Combustion efficiency was calculated for each combustion chamber configuration, which required stagnation
pressures to be taken at the inlet and outlet of the combustor. The pitot probe installed in the inlet was utilized for
the inlet stagnation pressure, and a second pitot tube was fabricated out of ¼ inch stainless steel tube to withstand
the high exhaust temperatures. It was held in place by a temporary fixture made of two pieces of wood clamped to
the frame. This setup proved to work very well during testing and can be easily removed when the system is refitted
with the exhaust pipe in the future. Inlet and exit temperatures were recorded using two K-type thermocouples. The
inlet thermocouple was simply slid underneath the coupler holding the leaf blower to the combustion chamber and
taped in place. The exhaust thermocouple was secured over the exit of the combustion chamber using zip ties.
Figure 24 below shows exhaust pitot probe and thermocouple. Also, the tube coming out of the inlet pitot probe can
be seen at the top of the figure.

Figure 24. The exhaust pitot tube and K-type thermocouple are shown.
Initially, the pressure and temperature data was recorded with LabView using a program that was written specially
for this project. However, the pressure measurements taken using this system were very noisy, and lacked the
fidelity to be useful in determining combustion efficiencies. The noise was most likely due to the limitations of the
pressure transducers data acquisition devices that were being used. Had better transducers been available, the results
would likely have been much better. The temperature data was acceptable, so LabView was used to record
temperature data only. Pressure measurements were instead taken using two identical Dynatech Frontier Corporation
model 500 manometers, which proved to work extremely well. Plastic tubes were connected to each pitot tube and
then run to the manometers a safe distance from the apparatus.

26
California Polytechnic State University, San Luis Obispo

VI. Procedure for Combustion Chamber Testing
The procedure for testing the combustion efficiency for each combustion chamber configuration was rather
simple and is outlined in detail in this section. It is essentially a simplified variation of the procedure given earlier
for the turbocharger turbine operation.
A. Setup
To begin, the desired flame tube was selected and installed in the combustion chamber utilizing eight bolts and
wing nuts. The apparatus was then tipped on its side and positioned on the lab floor with the exhaust pointing out the
large garage door in the test cell. The hybrid rocket apparatus was then rolled over and plugged into the electrical
box, which connects it to the control panel inside the control room. The spark plug wire was plugged into the spark
plug installed in the top of the flame tube flange. One end of a jumper cable was clamped to the flange of the
combustor and the other end was clamped to one of the large eye hooks on the rocket stand. This provided the
ground needed to connect the rocket ignition system to the spark plug on the combustion chamber. A long extension
chord was connected to the leaf blower, and then run around the corner of the building into the control room where
it was plugged in during testing. This allowed the operator inside the test room to remotely control the leaf blower.
The switch on the leaf blower was turned on the high setting, but was left unplugged until testing. The propane tank
was positioned just outside the control room around the corner from the test cell. Two long copper tubes with
compression fittings were connected together and run from the tank to the injector installed in the top of the flame
tube. The gas lines were first connected together and then to the injector. The lines were then pressure tested for
leaks using soap and compressed air before connecting the line to the tank. If any bubbles were detected, the
compression fittings were adjusted or replaced and retested until good seals were achieved. The two manometers
were positioned behind the apparatus where measurements could be easily taken. The plastic tube from the pitot
tubes simply slid onto hose barbs on the manometers. LabView was opened and the data acquisition device
connected to the thermocouples was plugged into a laptop. To conclude the setup, the pitot probe measuring the
exhaust pressure was checked to insure it was positioned parallel with the flow for accurate measurements, and the
thermocouple was checked to ensure it was adequately protruding into the exhaust region.
B. Testing
The testing procedure required four people. One person controlled the gas valve, one controlled the leaf blower
and ignition system in the control room, one read pressures from the manometers, and another recorded the pressure
data and operated LabView for temperature data acquisition. Each person manned their respective positions,
LabView was started, and a camera was positioned to record video of each test. The gas was then set to 25 psi using
the tank regulator and turned on using the inline valve. As soon as the gas was turned on, the person operating the
ignition system activated the spark plug until ignition was achieved. Shortly after ignition, the leaf blower was
plugged in. The combustion chamber was allowed to warm up for a period of approximately 10-15 seconds, and
then pressure data was read from the manometers and recorded. After data was taken, the gas was turned off using
the inline valve. The tank valve was closed between each test as well to ensure safety. LabView and the camera
were both turned off and reset for the next test. The leaf blower was allowed to stay running after the gas was turned
off to cool down the combustion chamber for safe handling. Each flame tube configuration was tested three times to
ensure consistency among the tests.
After each flame tube was tested three times, the combustion efficiencies were calculated. Flame characteristics
from each test were reviewed using the video camera recordings. Based on the efficiencies and flame characteristics,
the hole patterns in the flame tubes were modified and retested to find the best configuration. The best configuration
was generally defined as that which had a high combustion efficiency, short flame length outside the combustion
chamber, and no observed hot spots on the flame tube. Hot spots indicate insufficient cooling and combustion
occurring in the cooling zone outside of the flame tube, which are both unacceptable conditions. Both tubes were
continually modified and tested up to this point to determine the best performance of each. Based on these results,
recommendations on the best flame tube hole configurations were made for the zoned and uniform hole pattern
tubes.
C. Disassembly
Following testing, the apparatus was disassembled and stored. Disassembly was essentially the reverse of the
setup procedure. The propane tank and lines were disconnected and stored inside the control room. The manometers
were disconnected from the pitot tubes and returned to the thermodynamics lab. Then, the extension chord was
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disconnected from the leaf blower and wall outlet and returned to the test cell. The stand was lifted back onto its
wheels and rolled to the corner where it would not interfere with other lab activity.

VII. Analysis
In order to validate the initial experiment and to observe the efficiencies of each component, we must perform a
Brayton cycle analysis using the methods for an ideal and real turbojet. Since this form of analysis is intended for a
lab report associated with this experiment, we need to develop the appropriate tools for Brayton cycle verification.
This may be achieved using the formulas in the following systematic methods. The analysis methods outlined within
this section would be employed for full engine analysis, but due to limitations of the apparatus, the combustion
efficiency was the only efficiency calculated.
A. Ideal Analysis
For ideal analysis, the system is partitioned into cold and hot sections, with the former defined from freestream
to the combustor inlet, and the latter defined from the combustor inlet to the nozzle exit. This bears implications on
the ratio of specific heat coefficients (γ), which for the cold section corresponds to the values in Eq. (10).

d<XBY ! 1.4
d\X ! 1.3

(10)

The cycle is then divided into multiple stations, representing the inlet and exit of each component in the turbojet,
starting at the inlet and ending at the nozzle. To depict the Brayton cycle that represents this process, Figure 25
shows the T-s diagram that corresponds the ideal cycle. The region from the inlet entrance (Station a) to the
compressor exit (Station 3) is characterized by isentropic compression, while constant pressure heat addition takes
place across the combustor between Station 3 and Station 4. In the region from the turbine entrance (Station 4) to the
nozzle exit (Station 7), isentropic expansion takes place, followed by a section of constant pressure heat rejection
from Station 7 to Station a to close the cycle.

Figure 25. Ideal Brayton Cycle T-s diagram for a turbojet.
Note that during the compression and expansion sections of the cycle, entropy remains constant, which
characterizes a reversible process. This can only be achieved in an ideal Brayton cycle; however, performing cycle
analysis for an ideal turbojet is essential for evaluating component efficiency and engine performance.
Before performing ideal cycle analysis, several parameters must be known in advance, including: 1) the
freestream Mach number, 2) compressor pressure ratio, 3) combustor stagnation temperature, and 4) either the fuel
heating value or the fuel-air ratio. These values must be obtained through measurement, which will allow for
complete ideal cycle analysis.
The first step of this process requires the computation of the ambient freestream air velocity (ua), using Eq. (11),
which will be essential later on for performance analysis in the evaluation of specific thrust and specific fuel
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consumption. This value is dependent on the ambient freestream Mach number (Ma), coefficient of specific heat
ratios in the cold section (γcold), universal gas constant, and the ambient stagnation temperature (Ta). Provided Ma,
the remaining values may be determined from gas dynamics reference material and standard atmosphere tables.

eC ! fC gd<XBY h/C

(11)

In the next step, the stagnation temperature at the compressor entrance (T02) is evaluated with Eq. (12) as a
function of the ambient stagnation temperature (Ta), coefficient of specific heat ratios in the cold section (γcold), and
ambient freestream Mach number (Ma), all of which have been previously determined.
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Using a similar process to Eq. (12), the stagnation pressure at the compressor entrance (P02) can be found using
the same set of parameters by using Eq. (13), thus concluding the required components of the flow conditions across
the inlet.
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Using the value of for compressor pressure ratio (P03/P02) and the stagnation pressure ratio at the compressor
entrance (P02), the stagnation temperature at the combustor entrance (T03) can be determined, as shown in Eq. (14).
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Having evaluated P02 and measured P03/P02, evaluating the stagnation pressure at the combustor entrance (P03) is
a simple formulation of these terms, as represented by Eq. (15).
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Since the stagnation temperature at the turbine inlet (T04) imposes an operational and structural limitation on the
turbojet, this value needs to be monitored at all times, thus it becomes unnecessary to evaluate this term. However,
using the value of T04 with the values for stagnation temperature computed for the previous component entrances,
we can determine the stagnation temperature at the turbine exit (T05) with Eq. (16).
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As earlier noted, constant pressure heat addition takes place from Station 3 to Station 4 across the combustor,
and as a result, P04 is equal to P03. Using this result with the values for T05 and T04, while noting that the coefficient
of specific heat ratios has changed to account for the transition to the hot section of the engine (γhot), we can
calculate the stagnation pressure at the turbine exit (P05) using Eq. (17).
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(17)

Ideal cycle analysis also assumes that optimum expansion takes place, which means that the static pressure at the
nozzle exit (P7) is equivalent to the ambient air pressure (Pa). This value, with the values for T05, P05, and γhot, allows
the computation of the static temperature at the nozzle exit (T7) with Eq. (18).
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Between the turbine exit and the nozzle exit, there is no change in stagnation temperature, thus the value for
stagnation temperature at the nozzle (T07) is equal to T05. The Mach number at the nozzle exit (M7) can then be
determined as a function of T05, T7, and γhot, as shown in Eq. (19).
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This provides the necessary components for evaluating the exit velocity at the nozzle (u7), which is a major
component of engine performance, using Eq. (20).
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If the fuel-air ratio (f) is not measured as a function of the volume flow rate of the air and fuel, it can be
calculated for ideal cycle analysis using Eq. (21) as a function of T03, T04, the coefficient of specific heat at constant
pressure (Cp), and the fuel heating value (QR).
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At this point, all the necessary parameters for measuring ideal Brayton cycle turbojet performance have been
identified and evaluated, which leads us to the first component of performance: specific thrust (ST). As illustrated by
Eq.(22), specific thrust is dependent on fuel-air ratio (f), exit velocity at the nozzle (u7), and ambient freestream air
velocity (ua).
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Specific fuel consumption (SFC) represents the other major performance parameter for an engine, and as shown
in Eq. (23), is a function of fuel-air-ratio (f) and specific thrust (ST). Note that SFC presents an inverse relationship
to ST, where SFC decreases when ST increases, which demonstrates that engine performance is always a
compromise between performance and fuel consumption.
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(23)

Since this method is applicable only for ideal cycle analysis in a turbojet, we must now develop the method for
real cycle analysis to evaluate the component efficiencies and determine real engine performance for comparison
against ideal results.
B. Real Cycle Analysis
In real Brayton cycle analysis, isentropic compression and isentropic expansion are replaced with irreversible
processes characterized by increases in entropy between their corresponding stations within the engine. This results
in a cycle marked by increasing entropy at all points in the turbojet from the inlet entrance to the nozzle exit, as
illustrated in the T-s diagram in Fig. 26. This bears important implications on engine performance, as the increase in
entropy reflects decreases in adiabatic component efficiency from unity throughout the engine, which must be
accounted for in the cycle analysis.

Figure 26. Real Brayton cycle T-s diagram for a turbojet.
By recognizing that adiabatic component efficiency is a function of ideal conditions and actual conditions during
a Brayton cycle, we can use the results from ideal cycle analysis, with measured values of stagnation temperature at
various points throughout the engine, for evaluation of each applicable component. By incorporating these terms
into a real cycle analysis method, we can compare real and ideal performance for a turbojet.
First, let us identify and describe the method for evaluating component efficiencies. Note that combustor
efficiency is primarily a function of the ratio of stagnation pressure across the burner (πb) and has no adiabatic
component efficiency, thus must be evaluated separately using measuring devices. Due to the limitations of the
apparatus and the malfunctioning of the turbocharger, the burner efficiency as seen in Eq. (24) was the primary
calculation used in the measurement of combustor performance.
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That leaves the following remaining components subject to adiabatic efficiencies: 1) diffuser/inlet, 2)
compressor, 3) turbine, and 4) nozzle.
The first component, the diffuser, lies between Station a and Station 2, where the adiabatic component efficiency
can be represented as a function of the ratio of reversible rate of work to the actual rate of work. This can also be
further decoupled in the ratio of stagnation temperature difference across the stations, as demonstrated by Eq. (25),
which by measuring the stagnation temperature of the compressor entrance and using the results of ideal cycle
analysis, will yield the diffuser efficiency.
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In a similar process, the adiabatic component efficiency of the compressor can be computed as a function of
difference is stagnation temperature across Station 2 and Station 3 using Eq. (26).

;< !

=>?>=@AB> E/0 F / G=>?>=@AB>
!
E/0 F / GC< DCB
C< DCB

(26)

=>?>=@AB> E/i F / G=>?>=@AB>
!
E/i F / GC< DCB
C< DCB

(27)

=>?>=@AB> E/ F /l G=>?>=@AB>
!
E/ F /l GC< DCB
C< DCB

(28)

This can also be extended to determine the component efficiency of the turbine across Station 4 and Station 5, as
a function of the difference in stagnation pressure with Eq. (27).
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Finally, at the nozzle, adiabatic component efficiency is evaluated by using the previous technique across Station
5 and Station 7 in the form of Eq. (28).

;y !

Having defined the method for computing component efficiency, we can now describe the process for real cycle
analysis. Real cycle analysis begins with the same first step as ideal cycle analysis, namely computing the ambient
freestream air velocity (ua), and is achieved using Eq. (29) with the ambient freestream Mach number (Ma),
universal gas constant (R), and ambient stagnation temperature (Ta).
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(29)

A notable difference between ideal and real cycle analysis is that in the latter, the analysis accounts for variance
in the value for the coefficient of specific heat ratios across each component. This will be applicable for all further
real cycle analysis, which we first observe when calculating the stagnation temperature at the compressor entrance
(T02) using Eq. (30). Note that T02 is a function of the ambient stagnation temperature (Ta), ambient freestream Mach
number (Ma) and the coefficient of specific heat ratios in the diffuser (γd).
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Evaluation of the stagnation pressure at the compressor (P02) introduces the first instance where adiabatic
component efficiency represents one of the parameters. As depicted by Eq. (31), P02 is a function of the stagnation
temperatures at Station a and Station 2, as well as γd and the diffuser component efficiency (ηd).
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Moving on to Station 3, the stagnation temperature at the combustor entrance (T03) is found using Eq. (32) with
the stagnation temperature at the compressor entrance (T02), compressor pressure ratio (P03/P02), coefficient of
specific heat ratios is the compressor (γc), and the compressor adiabatic component efficiency (ηc).
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(32)

The stagnation pressure of the combustor entrance is determined with Eq. (33) as a combination of the
compressor entrance stagnation pressure (P02) and compressor pressure ratio (P03/P02).
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If the stagnation pressure ratio (πb) across the combustor is known, the stagnation pressure at the turbine inlet
(P04) can be calculated as a function of the P03 and πb, as represented by Eq. (34).
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Determining the stagnation temperature at the turbine exit (T05) uses the same method as for ideal cycle analysis,
using the stagnation temperature between Station 2 and Station 4 with Eq. (35).
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The calculation of stagnation pressure at the turbine exit (P05) in Eq. (36) uses the adiabatic efficiency of the
turbine (ηt), P04, stagnation temperature ratio across Station 4 and Station 5, and the corresponding coefficient of
specific heat ratios at the turbine (γt).

2

4k

1
/ 4k 9:
! 2i z1 F 11 F
3
{
;
/i

(36)

At this point, the required parameters for evaluating the exit velocity at the nozzle (u7) have been identified and
defined. Also note that real analysis maintains the assumption of optimum expansion, thus the static pressure at the
nozzle exit (P7) is equivalent to the ambient air pressure (Pa). Also, there is no appreciable change in stagnation
temperature between Station 5 and Station 7, thus are defined as equivalent. Using Eq. (37), u7 can be evaluated as a
function the nozzle component efficiency (ηn) and the coefficient of specific heat ratios at the nozzle (γn), among
various other previously defined and calculated parameters.
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As may be observed in Eq. (38), the function for finding the fuel-air ratio (f) is different than for ideal cycle
analysis, and is dependent on the coefficient of specific heat at constant pressure for the compressor (L5 ) and
turbine (Lk ), stagnation temperatures between Station 3 and 4, and the fuel heating value (QR).
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Using the fuel-air ratio (f) with the exit velocity at the nozzle (u7) and ambient freestream air velocity, the
specific thrust (ST) performance metric for real cycle analysis can be calculated using Eq. (39) for comparison to the
value predicted in ideal cycle analysis.
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(39)

Finally, the specific fuel consumption (SFC) for the turbojet can be computed for real cycle analysis as a
function of fuel-air ratio (f) and specific thrust (ST) with Eq. (40).
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The result of this systematic approach for evaluating performance metrics and conditions at each station using
ideal and real cycle analysis is a means of evaluating adiabatic component efficiency and comparison of actual
performance to ideal performance.
C. Data Analysis Set-up
In order to perform data analysis on the combustor, we used a setup that would evaluate the stagnation
temperature and stagnation pressure at the inlet and exit, conventionally defined as Station 3 and Station 4. To
measure this data in real time and to observe their trends over the course of a test, we utilized a USB-NI6210 data
acquisition device, which would record stagnation temperature and stagnation pressure at a specified frequency of
0.1 Hz, or once per tenth of a second.
For stagnation temperature, we placed two unsheathed Type K thermocouples, rated up to 2,462°F, into the air
flow path of the inlet and exit of the combustor. While we do not expect the temperature to exceed the limit of the
thermocouple during the experiment, propane can achieve a maximum flame temperature of approximately 3595ºF
(5)
. However, we do not expect the peak stagnation temperature to pose an issue, due to expected losses in efficiency
and a rich fuel-air mixture, which would limit the heat output of the flame. We must also note that the data
acquisition device used in t his experiment does not contain a cold junction compensation terminal, which would
remove unwanted voltages from the dissimilar metal junctions existing in the device, to produce a clean voltage
signal for measuring temperature. To address this concern, we compensated for the unwanted voltages by calibrating
the data to ambient temperature in the testing facility.
For stagnation pressure, we placed steel tubes that elbowed into the direction of the air flow to slow down the air
velocity isentropically to zero. Connected to these steel tubes is plastic tubing, which connects to the pressure
measurement device for recording stagnation pressure data. The devices initially employed for this experiment were
two 5V excitation PX139-001D4V ±1 psi differential pressure transducers, which produce an output voltage range
of 4V. We used this output voltage range in conjunction with the differential pressure range to evaluate the slope
between voltage and psi, and thus calibrate and convert the output data into psi, as demonstrated by Eq. (41).
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We should note that the pressure transducers measure differential pressure, or gage pressure, relative to
atmospheric conditions. Therefore, for proper data analysis, all stagnation pressure measurements need to be
converted to absolute pressure, which we would achieve during data analysis by adding ambient pressure to the data.
The thermocouples and pressure transducers are hooked up to analog channels in the USB-NI6210 data
acquisition device to record stagnation temperature and stagnation pressure data, which we configured via a virtual
instrument block diagram created in LabVIEW, as shown in Fig. 27.
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Figure 27. LabVIEW Virtual instrument block diagram for data acquisition.
In this data acquisition setup, user input values in the form of cold junction compensation and ambient pressure
are incorporated to calibrate the temperature and pressure prior to data processing. Since data is generated for
Station 3 and Station 4 at the inlet and exit of the combustor, the signals are initially split among temperature and
pressure for data observation purposes on the front panel interface, represented in Fig. 28, and then the signals are
merged to record the data to a file. The block diagram is configured such that time and measurements are recorded
to a spreadsheet in real time throughout the length of each trial run.

Figure 28. Front panel interface for data observation.
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Having produced an appropriate setup to facilitate data acquisition, we needed to verify that this system would
produce reasonable data. Early trials, when connected to the test bed, proved disheartening, as the USB-NI6210
produced erratic results for stagnation pressure. These results were duplicated on numerous occasions while
attempting to produce clean and consistent data. Whether we measured at ambient conditions to compare against
other air pressure devices in the room, or with the leaf blower on to produce an observable change in the data, the
data acquisition device simply would not produce accurate data, and was especially prone to losing the analog
signal. However, we were able to produce stagnation temperature data that coincided with measurements from other
temperature probes. Though, the signal remained particularly noisy and the digital acquisition device occasionally
lost the analog signal, albeit much less frequently than in the case of the pressure transducers. Therefore, we could at
least maintain some level of confidence in the stagnation temperature data generated through our LabVIEW virtual
instrument setup, but we needed an alternative solution for measuring stagnation pressure.
Instead of the more sophisticated data acquisition setup through LabVIEW, we opted for a pair of manometers
available in our testing facility, which we soon discovered to offer reliable and accurate data during preliminary
trials. Figure 29 shows the manometer that measures stagnation
pressure at the exit of the combustor. The primary drawback to using
manometers is that it only offers point data, as opposed to the
continuous stream of data
that would be produced via LabVIEW. In spite of this limitation,
preliminary trials demonstrated that stagnation pressure remains
fairly constant during the course of a test, and so the lack of
continuous data is apparently inconsequential. Like the pressure
transducers, the manometer measures gage pressure data, and though
the unit (inches H2O) is different, the process for converting to
absolute pressure is identical, and thus leaves the method for data
processing unaffected. The manometers were also able to utilize the
plastic tubing originally connected to the pressure transducers
without modification, and thus had minimal impact on setup time as
well. Thus, another important advantage to using manometers, other
than the consistency of the data, is that it required no additional
modifications to our test bed, which allowed us to spend more time
on data analysis and the results of the experiment.
Our final system for data acquisition at the inlet and exit of the
combustor consisted of 1) a LabVIEW virtual instrument setup to
measure stagnation temperature with Type K thermocouples over the
Dyantech
Frontiers
29.
course of each test, and 2) manometers to record stagnation Figure
used
for
measuring
temperature prior to and during combustion. Through these devices, Manometer
we were able to generate the data required for analysis and evaluating stagnation temperature.
the experimental results

VIII. Results and Discussion
The experiment was conducted for two primary flame tubes, with Tube 1 representing a three zone hole
configuration and Tube 2 representing a distributed hole configuration. Initially, each flame tube contains a different
amount of area dedicated to holes to promote mixture. These tubes were modified over the course of the experiment
to increase the air-fuel ratio by increasing the amount of hole area in the flame tube, so that we can observe and
evaluate the effect on 1) stagnation temperature and 2) stagnation pressure efficiency across the combustor and 3)
the reduction of flame outside of the combustion chamber. Throughout the testing process a stable, self-sustaining
flame was able to be produced and repeated easily. A summary of the hole designs that were investigated for each
flame tube in this experiment is tabulated in Table 1.
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Tube 1:
Three Zone

Table 1. Hole design summary for each flame tube.
% of Zone 1 + 2 Hole Area
Iteration
Hole Arrangement
(Combustion Zones)
Zone 1: 50%
Zone 1: (27) 1/4"
Zone 2: 50%
Initial
Zone 2: (12) 3/8”
Zone 3: 89%
Zone 3: (12) 1/2”
Zone 1: (27) 19/64"
Zone 1: 59%
Zone 2: (12) 3/8”
Zone 2: 41%
Modification 1
Zone 3: (12) 1/2”
Zone 3: 87%
(6) 19/64”
Zone 1: (27) 3/8"
Zone 1: 69%
Zone 2: (12) 3/8”
Zone 2: 31%
Zone 3: (12) 1/2”
Modification 2
Zone 3: 89%
(6) 3/8”
(12) 19/64”
Initial

Tube 2:
Distributed

Total Hole
2
Area (in )
5.01

5.97

8.16

Dist. (60) 1/4"

-

2.94

Modification 1

Dist. (60) 17/64"

-

3.32

Modification 2

Dist. (60) 19/64"

-

4.15

Modification 3

Dist. (60) 3/8"

-

6.63

A. Stagnation Temperature
First, let us evaluate the results for stagnation temperature in Tube 1 with the three zone hole distribution. For the
initial design, which has a total hole area of 5.01 in2, the average stagnation temperature during combustion is
approximately 2,000°F. The stagnation temperature distribution for one of the initial design trial runs is shown in
Fig. 30. Note that for all distributions in this analysis, post processing has been performed in the form of a high pass
filter and an exponentially weighted moving average to filter the data and reduce the noise. Nevertheless, the data
remains prone to a somewhat erratic nature, due to the effect of the leaf blower introducing a stream of colder air
into the combustor during the length of each trial run. As such, many of the distributions are subject to fluctuation.

Figure 30. Stagnation temperature distribution for the initial hole design in Tube 1.
The first modified hole design in Tube 1 has a total hole area of 5.97 in2, which amounts to a 19% increase in
hole area compared to the initial design. The average stagnation temperature produced over the course of the trial
run is 2,240°F, which is notably higher than in the initial design. Since the hole area is increased, a greater amount
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of air is available to promote air-fuel mixture, thus increasing the temperature and reducing the richness of the
mixture. The stagnation temperature distribution for this hole design is shown in Fig. 31.

Figure 31. Stagnation temperature distribution for the first modified hole design in Tube 1.
The second modified hole design in Tube 1 has a total hole area of 8.16 in2, which amounts to a 63% increase in
hole area compared to the initial design and a 37% increase compared to the first modification. The average
stagnation temperature produced over the course of the trial run is 2,260°F, which is notably higher than the initial
design and marginally higher than the first modification. Again, the air-fuel ratio is increased through this
modification; however, the smaller increase in stagnation temperature suggests that the mixture has approached the
optimum air-fuel ratio, and any further increase would result in a lean mixture oversaturated with air. The stagnation
temperature distribution for this hole design is shown in Fig. 32.

Figure 32. Stagnation temperature distribution for the second modified hole design in Tube 1.
Now, let us turn our attention to the results for stagnation temperature in Tube 2 with the distributed hole
configuration. The initial design for Tube 2 contains a total hole area of 2.94 in2, which yields an average stagnation
temperature of 2,250°F. Despite the reduced amount of hole area for the initial design compared to that of Tube 1,
the greater temperature indicates that a greater amount of air is able to mix with the fuel to reduce the richness of the
mixture. The stagnation temperature distribution for this hole design is depicted by Fig. 33.
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Figure 33. Stagnation temperature distribution for the initial hole design in Tube 2.
The first modified hole design in Tube 2 has a total hole area of 3.32 in2, which amounts to a 13% increase in
hole area compared to the initial design. The average stagnation temperature produced over the course of the trial
run is 2,290°F, which is marginally higher than in the initial design. The increase in stagnation temperature is
produced by a decrease in richness in the air-fuel mixture, which draws the design closer to an optimum air-fuel
ratio. The stagnation temperature distribution for this hole design is shown in Fig. 34.

Figure 34. Stagnation temperature distribution for the first modified hole design in Tube 2.
The second modified hole design in Tube 2 has a total hole area of 4.15 in2, which amounts to a 41% increase in
hole area compared to the initial design and a 25% increase compared to the first modification. The average
stagnation temperature produced over the course of the trial run is 2,300°F, which is hardly greater than in the
previous modification. Apparently the air-fuel ratio is increased through this modification; however, the smaller
increase in stagnation temperature suggests that the mixture has approached the optimum air-fuel ratio, and any
further increase should result in a lean mixture oversaturated with air. The stagnation temperature distribution for
this hole design is shown in Fig. 35.
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Figure 35. Stagnation temperature distribution for the second modified hole design in Tube 2.
The third modified hole design in Tube 2 has a total hole area of 6.63 in2, which amounts to a 126% increase in
hole area compared to the initial design and a 60% increase compared to the previous modification. The average
stagnation temperature produced over the course of the trial run is 2,270°F, which is actually lower than the result
for either of the previous modifications. Therefore, as we just earlier predicted, the mixture has become lean,
resulting in a decrease in stagnation temperature, since the air-fuel ratio exceeds the optimum value. The stagnation
temperature distribution for this hole design is shown in Fig. 36.

Figure 36. Stagnation temperature distribution for the third modified hole design in Tube 2.
To summarize the results of the preceding analysis,
Table 2 details the stagnation pressure for each flame tube design.
Table 2. Summary of average stagnation pressure for the flame tubes over the course of modification.
Iteration
Average Stagnation Temperature (°F)
Tube 1: Three Zone

Tube 2: Distributed

Initial

2,000

Modification 1

2,240

Modification 2

2,260

Initial

2,250

Modification 1

2,290

Modification 2

2,300

Modification 3

2,270
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B. Stagnation Pressure and Burner Efficiency
Having evaluated the results for stagnation temperature, we can now consider the effect on stagnation pressure as
the hole area is increased in each of the flame tube designs. Over the course of the modification procedure for Tube
1, the burner efficiency, or ratio of stagnation pressures across the combustor, increases from an average of 98.92%
to an average 99.04%. This amounts to a total increase in efficiency of 0.12%. These results coincide with and are
supported by the results for stagnation temperature, which indicated that by the second modification, the optimum
fuel air ratio had been approached, which would yield the opti mum burner efficiency. The results of the stagnation
pressure analysis for Tube 1 are tabulated in Table 3.
Table 3. Tube 1 (three zone) burner efficiency over the course of modification.
Burner Efficiency
Iteration
Test
Hole Area
(P04/P03)
1
98.93%
5.01 in2
2
98.91%
Initial
3
98.93%

Modification 1

1
2
3

5.97 in2

98.98%
98.98%
98.96%

Modification 2

1
2
3

8.16 in2

99.06%
99.05%
99.02%

In the modification process for Tube 2, the average burner efficiency spans a range from 98.86% to 99.04%,
which amounts to total increase in efficiency of 0.18%. The results for stagnation pressure and efficiency coincide
with the stagnation temperature results until the third modification, where we found a reduced stagnation pressure in
comparison to the previous modifications. We would therefore expect a decrease in efficiency for this design
iteration, though the data violates this notion. However, this may be a product of data uncertainty or an outlier trial
run, since the results coincide with the stagnation temperature predictions for each of the other design iterations. The
results of the stagnation pressure analysis for Tube 2 are tabulated in Table 4.
Table 4. Tube 2 (distributed) burner efficiency over the course of modification.
Burner Efficiency
Iteration
Test
Hole Area
(P04/P03)
1
98.88%
2
98.85%
2.94 in2
Initial
3
98.85%

Modification 1

1
2
3

3.32 in

98.88%
98.87%
98.87%

Modification 2

1
2
3

4.15 in2

98.91%
98.91%
98.91%

Modification 3

1
2
3

6.63 in2

99.02%
99.05%
99.05%

2
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The end result of this analysis is that the nearest approximation to the optimum amount of hole area to
promote mixture is 6.50 in2 for the three zone hole configuration in Tube 1 and 4.15 in2 for the distributed hole
configuration in Tube 2.
C. Flame Regression
Finally let us take a look at the flame regression of the flame tubes as the hole area increased. It is seen in Figure
37 that the flame of the combustion chamber also decreased with the increase in hole area. This is assumed because
more complete combustion is occurring within the combustion chamber, thus reducing the length of the exit flame.
Although direct measurements of the flame reduction is unable to be produced due to the inability to attach a
measurement device next to the flame, a visual investigation with of the pictures being taken at the same distance
away shows that with the increase in burner efficiency a reduction in flame length occurs. The flame regression fully
into the combustion chamber is also unable to be achieved due to reaching the thermal limit of the steel being used
for the flame tube. With the reduction in the overall diameters of the combustion chamber due to the limited amount
of metal suppliers, it has been determined that to increase the efficiency and to continue to regress the flame into the
combustion chamber would require more cooling air. The reduction in the diameters and thus a reduction in the
annulus flow has created a situation that the flame can no longer be reduced. With this in mind the Modification #2
of Tube #1 and the Modification #2 of Tube #2 are what we recommend to be used as a flame tube designs for the
final engine assembly. We chose Modification #2 for Tube #2 over Modification #3 due to the large heat that was
seen by the flame tube as a result of the 3/8 inch holes. This led to more air being used for combustion over cooling
and led to a rapid increase in the temperature of the flame tube. This heat increase was seen in the tube turning red
hot for the first time. It is this phenomenon to the reason we suggest the smaller holes, to reduce the efficiency
slightly but to increase the safety of the experiment.
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A)

E)

B)

F)

C)

G)

D)

Figure 37. The flame regression based upon tube modification with a reference line to show the flame reduction.
A) Tube 2 Intial B) Tube 2 Modification 1 C) Tube 2 Modification 2 D) Tube 2 Modification 3
E) Tube 1 Initial F) Tube 1 Modification 1 G) Tube 1 Modification 2
D. Error Analysis
In order to evaluate the integrity of the results with respect to the burner efficiency as a ratio of stagnation
pressures, we performed error analysis to determine the amount of uncertainty associated with each test. As detailed
in Table 5, the efficiency results are subject to data uncertainty in the amount of ± 0.049%, or are accurate to within
0.043% of the values specified in the results section of this report. The error is associated with the least significant
digit in the measurement of stagnation pressure on the manometer, which is a value of 0.1 inches H2O.
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Table 5. Data uncertainty for burner efficiency as a ratio of stagnation pressures.
Iteration
Data Uncertainty
Initial
Tube 1: Three Zone

Modification 1

± 0.049%

Modification 2
Tube 2: Distributed

Initial

± 0.049%

This error analysis indicates that due to the proximity of the values for efficiency produced from data analysis,
some of the results between iterations (particularly in Tube 2) deviate less than the margin of error. While this is an
important conclusion that should question the integrity of the results, the consistency in the tests, in spite of their
small deviation, show that the data still holds a degree of merit. Therefore, we maintain that for Tube 1, the nearest
approximation to the optimum amount of hole area to promote mixture with the current air mass flow rate is 6.50 in2
and 4.15 in2 for Tube 2.

IX. Conclusion
The results of the combustion chamber tests correlate well with what would be expected in many aspects. First,
utilization of air partitioning was seen to be effective in controlling temperature. The three zones of Tube 1 allowed
it to achieve comparable efficiencies to Tube 2 while maintaining lower exhaust temperatures. For example, Tube 2
with the second modification achieved similar efficiencies as Tube 1 in its initial configuration, but Tube 1 resulted
in exhaust gas temperatures 300°F cooler than those of Tube 2 with the second modification.
Secondly, adding more hole area to the flame tubes consistently increased exhaust gas temperatures, suggesting
that the fuel-air ratio started as rich, and as more air was added more fuel could be burned. The exception was the
final modification to Tube 2, which resulted in a lower exhaust gas temperature than the lesser area configurations.
This may be caused by the equivalence ratio finally lowering to below 1 (stoichiometric), providing enough air for
complete combustion as well as a little extra to cool the combustion products. When considering how the combustor
was designed along with the conditions in with which it is being tested, there are many reasons why the fuel-air ratio
should be higher than stoichiometric, even though in practice combustors are never operated in such conditions. To
start with, the air entering the combustion chamber is not being compressed in the current testing apparatus. Thus,
while the volume flow rate when using the leaf blower may be similar to the operating point of the compressor, the
mass flow rates are not. From the compressor map for the HE351VGT, an efficient operating point was found at a
pressure ratio of 2.0. If the combustor was being operated with the compressor at that pressure ratio, it would
actually be receiving twice as much air mass from the same volume as the leaf blower is currently providing. Since
the combustion chamber and flame tubes were designed to be operated with a compressor, operating it on half of the
air mass that it was designed for will certainly result in a fuel rich liner mixture. Additionally, decreasing the
pressure in the combustion chamber by disconnecting the compressor and instead attaching a leaf blower, which
merely accelerates the flow, will result in a higher fuel flow since the pressure difference between the tank and the
injector will be higher. Even though the fuel pressure is within a reasonable range for on-design operation, the
combustor pressure is lower than it was designed for so there is an increased fuel flow, exacerbating the problem of
having a high equivalence ratio.
Furthermore, operating at a high fuel-air ratio is likely contributing to the extension of the flame outside of the
combustion chamber. Because there is not enough air being delivered early on in the flame tube, the fuel-air
mixture is not able to reach complete combustion within the length of the combustion chamber, and therefore
combustion continues outside as additional air is made available. The result is the long blue flame extending from
the combustor exit. Another consequence of testing the combustor at an equivalence ratio above 1 is the elevated
exhaust temperatures. Because all of the air flow is needed to combust with the propane, there is nothing left for
cooling flow following combustion. The exhaust gas temperatures recorded during combustor testing are much too
high for turbocharger turbines to handle. If, however, the engine was completed and a turbocharger assembled
along with the combustor, the compressor would be able to deliver twice the mass of air to the combustor. As
described in the combustor design section earlier, approximately half of that air flow will be used to achieve
complete combustion, while the other half will be used solely for cooling the combustor exit gases to acceptable
operating temperatures for the turbine.
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Because the turbocharger gas turbine engine project was not completed in its entirety as planned, there exists a
great opportunity for students in the future to pick up the project and bring its full potential to fruition. The results
of the combustor testing outlined in this report will hopefully be of use to anyone wishing to pick up that task, and it
will be interesting to see whether operating the combustor with a compressor will solve the problems of elevated
exhaust gas temperatures and extended combustion outside of the combustion chamber.
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Appendix
Burner Efficiency Derivation
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Raw Data

Tube 1: Three Zone

Test 1
Test 2
Test 3

P03,initial
(in H2O)
-0.4
-0.4
-0.4

P03,combustion
(in H2O)
8.2
8.25
8.2

P04,initial
(in H2O)
-0.7
-0.7
-0.7

P04,combustion
(in H2O)
3.5
3.5
3.5

Modification 1

Test 1
Test 2
Test 3

-0.4
-0.4
-0.4

8.1
8.1
8.1

-0.7
-0.7
-0.7

3.6
3.6
3.55

Modification 2

Test 1
Test 2
Test 3

-0.4
-0.4
-0.4

7.55
7.4
7.2

-0.7
-0.7
-0.7

3.4
3.2
2.9

P03,combustion
(in H2O)
8.3
8.4
8.4

P04,initial
(in H2O)
-0.7
-0.7
-0.7

P04,combustion
(in H2O)
3.4
3.4
3.4

Iteration

Run

Initial

Tube 2: Distributed
Iteration

Run

Initial

Test 1
Test 2
Test 3

P03,initial
(in H2O)
-0.4
-0.4
-0.4

Modification 1

Test 1
Test 2
Test 3

-0.4
-0.4
-0.4

8.3
8.35
8.35

-0.7
-0.7
-0.7

3.4
3.4
3.4

Modification 2

Test 1
Test 2
Test 3

-0.4
-0.4
-0.4

8.2
8.1
8.1

-0.7
-0.7
-0.7

3.45
3.35
3.35

Modification 3

Test 1
Test 2
Test 3

-0.4
-0.4
-0.4

7.6
7.55
7.4

-0.7
-0.7
-0.7

3.3
3.35
3.2
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Figure 38. Compressor Map of Holset 351 VGT (1)
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